ABSTRACT A fully parameterized three-dimensional model with specific dimensions has been developed in ANSYS for an insulin injection pen used by diabetic persons. The insulin injection pen has a smart pen cap which hosts four electrodes used for the smart pen cap electrode capacitive measurement. The addition of the smart cap on top of the insulin injection pens is novel and essential for storing and transmitting injection dose and time data to help patients successfully manage their treatment. The simulations can be used to decide the number and exact shape of the electrodes, as well as to evaluate different misalignment and asymmetries of the electrode fabrication process or of the liquid misplacement. Using Maxwell 3D tool the electrode capacitance was numerically evaluated, which is necessary for sensing and ultimately for insulin dose precise detection. Experimental results have been provided using an AD7746 high-resolution sigmadelta capacitance-to-digital converter (CDC). Simulation and experimental results for the sense electrode capacitance, in the case of both smart pen cap and complete insulin injection pen + smart pen cap system, have been obtained, using two different configurations (1 vs 3 and 2 vs 2 respectively). Smart pen cap electrode capacitance variation for different insulin fill states has been numerically evaluated and the linear behavior of the injection has been proven.
I. INTRODUCTION
Diabetes, one of the ten most common diseases, is an endocrine long-term condition which causes high levels of sugar in the blood. Approximately 422 million people suffered from diabetes in 2014 [1] . Serious complications such as heart attack, stroke, kidney failure, limb amputation and blindness can affect the diabetic patients [2] . For optimal health of these patients, it is mandatory that we investigate correctly the level of blood sugar. In complex cases, when the pancreas does not function optimally to release enough insulin, supplementary insulin is being administrated for treating this disease. Under these circumstances, the levels of The associate editor coordinating the review of this manuscript and approving it for publication was Yu Zhang.
glucose are lowered by insulin medication, which increases the sensitivity to insulin, while lowering the carbohydrates absorption in the digestive system and enhancing glucose elimination.
There are several variants such as prefilled (disposable) pens, syringes and insulin pumps, which are being used for insulin injection by diabetic patients. Easiness to use and lightness are among the advantages of insulin injection pens, which conform to an ISO 11608-1 standard [3] , [4] . These medical devices produce precise dose information and make the patients confident that the exact necessary insulin dose was injected. Diabetic patients favor the prefilled disposable pens instead of the refillable counterparts, according to a research from 2010 [5] . This is due to the fact that the nonreusable pens are smaller and lighter with no requirement for a new insulin cartridge reintroduction at every single use. Nonetheless, owing to smaller production costs associated to their reusability, certain refillable pens could provide a memory function and half-unit increments. In 2016, in the top five European countries, insulin injection pens were used by around 8 million people. Insulin market in Germany accounted for more than 1.5 billion USD, in the same year. Notable providers of insulin injection pens are Eli Lilly, Sanofi, Novo Nordisk, Ypsomed and Owen Mumford.
Capacitive sensors have been used extensively in the recent times, in various applications. Coplanar capacitive sensors have been used to measure water intrusion in composite structures [6] . They have also been employed for void fraction measurement in a natural circulation refrigeration circuit [7] . Such sensors have also been studied in gas/liquid ratio measurements by radio-frequency resonance [8] . A semicylindrical capacitive sensor used for soil moisture measurement was presented in [9] . A low-cost capacitive sensor for water level monitoring in large-scale storage tanks was studied in [10] . In work [11] the focus was on the development of a capacitive ice sensor to measure ice growth in a real time manner. A self-calibration water level measurement using an interdigital capacitive sensor was introduced in [12] , while paper [13] dealt with liquid-level measurement system based on a remote grounded capacitive sensor. In [14] work was devoted to studying a high resolution capacitive sensing system for the measurement of water content in crude oil, whereas in [15] a design of helical capacitance sensor for holdup measurement in two-phase stratified flow was proposed. Capacitive measurements have been also proposed for the insulin dose measurement [16] - [18] , in the insulin injection pens.
Different physical methods including capacitive method, optical method and mass method are utilized in the literature research in order to measure the volume in the insulin injection pen [16] . In this work, smart pen cap electrode capacitive sensing is used to measure, record and to communicate information about doses that were delivered, as already stated in the introduction. We have selected this mechanism for our application due to integration potential and the advantage of non-contact measurement. Furthermore, the capacitive method works for optically opaque structures, and is not affected by any kind of dirt or scratches. The capacitive method measures the volume relying on the electric permittivity change of different materials. A change in their corresponding electric permittivity will induce and allow for sensing a change in the volume of material (in our case insulin or air). A smart pen capacitance variation will be therefore observed once a certain insulin dose is given. We mention that by convention, the term ''insulin'' will be used in this paper in the sense of ''insulin solution'', i.e. aqueous salt solution containing insulin. This paper speaks in details about an insulin injection pen three-dimensional physical model which has been developed, highlighting smart pen cap electrode capacitive sensing for precise dose measurement. The model is assembled in ANSYS and characterized via the electrostatic regime in Maxwell 3D. The work is structured in five sections. The second section focuses on the fully parametrized insulin injection pen + smart pen cap system three-dimensional model. Details are offered hereby for the dimensions of the smart pen cap with four electrodes as well as for the complete system. The third section focuses on the measurement setup employing an AD7746 Capacitance to Digital Converter used to evaluate the smart pen cap electrode capacitance in two configurations. Further on, in section four, the results regarding the electrode capacitance, both simulated and measured values, are given for the smart pen cap alone and the complete insulin injection pen + smart pen cap system for different insulin fill states. The paper concludes in the fifth section.
II. INSULIN INJECTION PEN + SMART PEN CAP SYSTEM THREE-DIMENSIONAL MODEL
In recent years, three-dimensional physical models have been successfully used to optimize the design and properly assess their behavior for various sensors, for example Hall Effect sensors [23] , [24] .
In this chapter, the complete insulin injection pen + smart pen cap system three-dimensional model is presented. Versatile and powerful ANSYS multi-physics software has been employed to model and evaluate the main parameters of the insulin injection pen under discussion. The smart pen cap electrode capacitance is calculated using the electrostatic regime in Maxwell 3D, under an ''Electrostatic Analysis'' [25] . The simulator handles the electromagnetic field problems, by computing the solutions to Maxwell's equations in a finite spatial region while using appropriate conditions at the limit. Moreover, the electrostatic solver calculates the DC electric fields. The existence of an electrostatic equilibrium, all objects are stationary, no Joule losses, and all fields inside conductors are perfect are all part of the assumptions we make. Firstly, the scalar electric potential ( ) is computed. Secondly, we calculate from the scalar potential ( ), the electric field (E) and the electric flux density (D) respectively. As we know, voltage distributions and charges create capacitances. A capacitance is therefore computed from the basic quantities above.
The complete insulin injection pen + smart pen cap system consists of two main parts, i.e. the smart pen cap and the insulin injection pen. The smart pen cap harbors the electrodes used for capacitive sensing. In Figure 1 (a) , the smart pen cap three-dimensional model with four electrodes, is firstly given. The smart pen cap has been chosen to match real insulin injection pens found on the market such as Eli Lilly [26] . These exact dimensions of smart pen cap are introduced in Table 1 . The smart pen cap is built of PVC (in light green color) and the electrodes are built of copper (in red color). The electrodes have been denoted using letters from A to D, in a clock-wise direction. It is worth mentioning that the electrodes end with a thinner portion, whose actual purpose is to connect electrodes to the PCB, but does not add a lot to the electrode capacitance. In Table 1 , l electrode stands for effective electrode length, l s,electrode stands for length of thinner portion of electrode, t electrode for the thickness of electrode, d electrode for the distance between two consecutive electrodes and R sensor is the radius of the smart pen capacitive cylindrical sensor. Additionally, the thickness of plastic smart pen cap is 3·10 −3 m. Furthermore, there is 1 mm (arc of circle small enough to be approximated by a straight line) between two successive electrodes.
The complete insulin injection pen + smart pen cap system three-dimensional physical model is visually depicted in Figure 1 (b). For proper boundary conditions evaluation, a vacuum box (in red color), of dimensions 222.024 · 27.6mm 2 (automatically generated) is added around the structure. The insulin injection pen dimensions are 185 · 14mm 2 , with a smart pen cap of 23 mm diameter. A thin copper shield of 0.5·10 −3 m is also added on top of the smart pen cap. The various insulin fill states (3 stages) are visually depicted in Figure 2 .
Several physical media are present in the real-life complete insulin injection pen + smart pen cap system. The three-dimensional physical model follows faithfully all these media. In Figure 3 the physical media found between FIGURE 2. Insulin fill states in the insulin injection pen (100%, 50% and 25% respectively). Tables 1 and 2 . More details can be found in [21] , [22] .
ANSYS software allows for the selection of most of these media presented in Figure 3 . However, a user-defined medium was used for the replication of the insulin environment, by defining a specific value for the electric permittivity. The values of the permittivity of the free space (absolute) ε 0 and the relative electric permittivity ε r of the physical media are as follows ε 0 = 8.854·10-12 F/m, ε r,air = 1, ε r,plastic = 3.18, ε r,glass = 4.7 and ε r,insulin = 81 (solution highly diluted in water) respectively. Additionally we have ε medium = ε 0 ε r,medium . Additionally, all material's constants, such as electrical conductivity, are automatically provided by the simulator software, depending on the material we choose to use.
In Table 2 the numerical values of the physical media dimensions including the width of the insulin ampoule are provided.
The insulin dose measurement depends on the smart pen cap electrode capacitance precise evaluation. We point out that in our case we cannot apply the formula of the standard capacitance [19] , [20] , with parallel plates, as we are using cylindrical plate capacitor. A correct and rigorous analytical model for this particular shape of capacitor has been proposed in details by the authors in published work [21] , [22] which takes into account the particular shape of the plates.
In order to offer direct electrode capacitance formula, an analytical model has been conceived, by considering all the physical media (insulin, glass, plastic and air) in the complete insulin injection pen + smart pen cap system [21] , [22] . The capacitance found between two opposite electrodes has the following formula:
In (1), A is the area of the sense electrode, which is given by the following expression:
with L the length of the arc of circle of the electrode and θ the angle describing the arc of circle. In our previous papers [21] and [22] , we have investigated the effect of the angle θ of electrodes. We have analyzed a different θ , which gives a different length of arc of circle and therefore different number of electrodes. We have looked into 3, 4, 6 and 8 electrodes and made a comparative analysis. Most recently, we have also published a paper [27] , which takes into account two electrodes and also includes results about the electrode capacitance vs. electrode angle θ .
Additionally, k 1 = x l , with x being the length occupied by air and l length of the glass insulin ampoule.
However, the analytical model is not the subject of the present work. In this paper we will validate the simulations results obtained by using the three-dimensional physical model of the complete system by performing suitable measurements which will provide an accurate information on the electrode capacitance. These experimental results, as well as a detailed presentation of the measurement setup used and biasing conditions will be shown in next section.
III. MEASUREMENT SETUP
This section will present the measurement setup we have used in order to evaluate the electrode capacitance in the smart pen cap, in two configurations. As we are talking about the measure of small smart pen capacitances in the order of pF, a smart pen capacitance to digital converter board was used. The first prototype of the smart pen cap contains the plastic mold and electrodes fabricated by one of the partners on the project, in accordance with a .STEP file which has also been used for the simulation of the physical model of the insulin injection pen.
At this point it is worth mentioning that we have looked into using other measurement setups, such as LCR, but we did not have the equipment necessary in our laboratory, for a capacitive measure of this precision.
A. ANALOG TO DIGITAL SMART PEN CAPACITANCE CONVERTER IC
The smart pen capacitance is measured with an Analog Devices AD7746 which is a high-resolution sigma-delta smart pen capacitance-to-digital converter (CDC) [28] . The smart pen capacitance to be measured is connected directly to the device inputs. The architecture features inherent high resolution (24 bits and up to 21-bit effective resolution), high linearity (0.01%), and high accuracy (±4 fF factory calibrated). The smart pen capacitance input range is ±4 pF but the AD7746 can measure up to 17 pF common-mode smart pen capacitance by using the integrated digital-to-smart pen capacitance converter (CAPDAC) which acts like a negative smart pen capacitance. The AD7746 has two differential input channels that can be used in differential or single ended mode. Each input has its own excitation sources. To carry a measurement, the smart pen capacitance to measure has to be connected between the excitation source and the input.
B. MEASUREMENT BOARD
The measurements were carried on the AD7746 Evaluation Board which is provided with an evaluation software that allows to easily configure the AD7746 and read smart pen capacitance measurements. The board is equipped with SMC connectors connected to the excitation and input pins that allows reliable connection to the device under test. Jumpers allow to switch the analog supply voltage sources from the on-board DC-DC converter to a custom external source, i.e. a battery in order to reduce the noise.
C. CABLES USED AND CONNECTION TO THE MEASUREMENT BOARD
The first measurements were carried using very thin unshielded wires. This proves not to be a good idea because the measurements were too noisy. Since the measurement board has got coaxial connectors connected to the AD7746, the following measurements were done using coaxial cables as described below. In order to be able to test the different configurations (2 vs 2 and 1 vs 3, see Figure 11 ), each electrode is connected to a coaxial cable terminated with an SMC connector. The connection to the board uses T adapters that allow to connect multiple electrodes together.
D. SHIELDING AND SOLDERING
The provided smart pen cap does not have a shield on its outer layer. Reliable smart pen capacitance measurement cannot be done without a shield because of the excessive noise picking. A basic shield made of aluminum foil is used for the measurements. The center core of the coaxial cables is directly soldered to the electrode. This represents no challenge because the electrodes are made of copper and their base is really thin so it does not require a lot of heat in order to make the solder joint. The coaxial cable shields are soldered to the shield of the smart pen cap. It is nearly impossible to directly solder on aluminum foil due to the chemical property (aluminum oxide), to connect aluminum it needs mechanical connection or specific soldering (remove aluminum oxide and protect oxidation with oil layer). The workaround consists in folding a small piece of copper adhesive band to the base of the smart pen cap shield. Electric conductivity can be ensured and it greatly reduces the thermal dissipation, allowing an easy soldering with a standard iron. Figure 4 (a)-(b) shows the 2 vs 2 and 1 vs 3 configurations, while Table 3 introduces the exact biasing conditions used for each measurement configuration. tion software. Only the excitation source and the CAPDAC settings were adjusted. A 3V battery serves as analog supply voltage source in order to reduce the noise. At the start of the measure (regarding the configuration used), the smart pen capacitance is well above the 17 pF maximum input range. It slowly decreases over time to stabilize at the final value. Using the histogram of functionality of the evaluation software, it is possible to tell if the measure is stabilized or still decreasing.
E. BASIC MEASUREMENTS AND OFFSET
By the adjustment of the electronic board, the commonmode smart pen capacitance can be balanced by a programmable on-chip digital-to-smart pen capacitance converter (CAPDAC). In order to use the electronic evaluation board, the setup must be calibrated and the CAPDAC set up.
As already mentioned, the AD7746 capacitance input range is ±4 pF (changing), the AD7746 can accept up to 17 pF common-mode capacitance (not changing), which can be balanced by a programmable on-chip digital-tocapacitance converter (CAPDAC). When the software is launched, we must click the Length Demo (CH2) button. This action enables continuous conversions on Capacitive Channel 2 in single-ended mode, enables EXCA as the excitation output pin, sets the update rate, and initializes CAPDAC A. The Capacitive Length Sensor Demo window appears in this way. After running the capacitive length sensor demo to check the settings and familiarize with the software, we follow the following steps to set up the software. The Setup window allows us to configure the capacitive channel, the voltage/temperature channel, the output pin for the excitation source, the CAPDACs and the AD7746 operating mode. CAPDAC A is therefore set to a value determined by the demo calibration routine. The CAPDAC A register (with R/W rights) 8-bit configuration was 9E in Hex, equivalent to 10011110. The value of the CAPDAC A in our measurements was 3.984 pF.
The values shown in Figure 6 (a)-(b) correspond to the smart pen cap electrode capacitance for 2 vs 2 and 1 vs 3 configurations respectively, measured against time. Therefore, at room temperature, we measured an average value of -1.07 pF for the 2 vs 2 s and -1.13 pF for the 1 vs 3 configuration respectively. The values obtained at this point are negative but they will get added to the CAPDAC A value of 3.984 pF as introduced above, in order to obtain the real values of the electrode capacitance.
Finally, we obtain the following values in Table 4 for the measured electrode capacitance in the smart pen cap for the 2 vs 2 and 1 vs 3 configuration schemes, with a shield biased at 0 V. We have obtained the following experimental results for the smart pen cap electrode capacitances such as C AB−CD = 2.91 pF and C A−BCD = 2.85 pF respectively. 
IV. RESULTS AND CORRESPONDING DISCUSSION
In the electrostatic regime of ANSYS Maxwell 3D simulator, different simulations were carried out with the objective to numerically evaluate the capacitance between two electrodes in the smart pen cap. Further on are the corresponding results.
A. SMART PEN CAP ELECTRODE CAPACITANCE EVALUATION
We shall now introduce the simulation results of the smart pen cap alone, as presented in Figure 1 . In Table 5 , one can see the simulation results for the electrode capacitance in the case of 2 vs 2 and 1 vs 3 configurations respectively, with a shield biased at 0 V. Therefore, we have obtained the following smart pen cap electrode capacitances of C AB−CD = 2.93 pF and C A−BCD = 2.72 pF respectively.
Looking at the measured and simulated data in Tables 4-5 , we can notice that we have the best simulated and measured data accuracy for the 2 vs 2 configuration and a slightly worse match in the 1 vs 3 configuration.
B. SMART PEN CAP ELECTRODE CAPACITANCE EVALUATION
We are now interested to evaluate the electrode capacitance for the complete insulin injection pen + smart pen cap system, while injecting different levels of insulin from 0% to 100%. Obviously, once insulin is injected, its space in the ampoule is filled with air.
The sensitivity S of the capacity by dose or volume of drug can be defined as:
One dose of insulin, so called Insulin Unit (IU), equals to 10 µL. The volume of insulin in the ampoule has been computed using the cylinder volume formula and the corresponding dimensions and it equals 4.318 mL, therefore approximately 430 doses (simulated model).
The simulated electrode capacitance versus different insulin fill states (from 0% to 100% insulin level, in 5 steps) in the complete insulin injection pen + smart pen cap system is introduced in Figure 7 (a). The same measurement configurations have been used as in Table 3 but we had no shield. For 100% insulin, we extracted C AB−CD = 7.55 pF and C A−BCD = 6.57 pF. We observe a decrease of 13% in smart pen cap electrode capacitance for the second measurement configuration. We fitted the curves which we obtained with first order functions of expressions y 1 = 0.40x + 5.57 and y 2 = 0.25x + 5.40, respectively. This is a solid proof that the injection requested linear behavior has been obtained in both configurations. We have calculated the capacity sensitivity values of S 1 = 3.79 fF/IU (1 vs 3) and S 2 = 2.20 fF/IU (2 vs 2).
We have also studied the complete insulin injection pen + smart pen cap system, fitted with a shield around the smart pen cap, biased to 0 V. In this case the variation of the simulated electrode capacitance for the same insulin fill states is given in Figure 7 (b) . We obtain C AB−CD = 5.29 pF and C A−BCD = 4.41 pF for 100% insulin. The obtained curves have been fitted with straight lines of expressions y 1 = 0.36x + 3.49 and y 2 = 0.21x + 3.33 respectively, and once again the linear injection behavior has been validated. We obtained the capacity sensitivity values of S 1 = 3.51 fF/IU (1 vs 3) and S 2 = 1.98 fF/IU (2 vs 2).
C. ELECTRODE CAPACITANCE MEASUREMENT FOR THE INSULIN INJECTION PEN + SMART PEN CAP SYSTEM
In order to validate the simulation results above, we have carried out measurements on the complete system and performed several injections of insulin. The real insulin injection pen we have used has 300 IUs and 1 IU=10 µL. For every injection, 10 IU are injected. The following experimental protocol in Figure 8 has been used. After 5 minutes for the heating, the device measures the pen during 1 minute and 10 IU are injected for each step until 5 injections have been done. Therefore, in Figure 9 , one can see the electrode capacitance versus the IU, for 5 injections, which equals to insulin fill state from 0 to 16%. For an injection of 10 IU, the average of capacitance change is about 12.81 fF, which gives a resolution of 1.28 fF/IU.
We can observe that the simulated electrode capacitance results in Figure 9 for the insulin injection pen + smart pen cap system, in different insulin fill states, are therefore quite close in agreement with the measurement results in the 0 to 16% insulin fill states (obtained for 1 vs 3 configuration) in Figure 7 (b). One reason for not an exact match of simulation and measured data is the fact that no vacuum chamber was used for the measurement while the simulations are performed in vacuum. Another reason is the fact that although the 3D model follows closely the real system cannot be 100% exact. For other experimental results please check [4] , [5] .
D. MISALIGNMENT ASYMMETRIES EVALUATION
Misalignments in two cases have been studied on the threedimensional model of the complete insulin injection pen + smart pen cap system, with 100% insulin. We are referring namely to 0.2 mm of misalignment of the insulin ampoule -transversal displacement (Figure 10 (a) ) and 0.1 mm of misalignment of the electrode -longitudinal displacement (Figure 10 (b) ), respectively.
For the displacement of 0.2 mm on the insulin ampoule, as in Figure 10 (a), we calculate a relative change in the face-to-face electrode capacitance of 7.2 fF, for the displaced structure with respect to the perfectly symmetric structure.
In the case of displacement of 0.1 mm on the electrode, as in Figure 10 (b) , the simulation data obtained lead us to a relative change in the face-to-face electrode capacitance of 7.6 fF, for the displaced structure with respect to the perfectly symmetric structure. In both cases we are talking about a change of less than 0.2% in the smart pen cap faceto-face electrode capacitance value as a result of either a longitudinal or transversal asymmetry. These values are in accordance with experimental data supplied by Valtronic, our industrial partner on this project.
V. CONCLUSION
In this work, we have evaluated through a smart pen cap for insulin dose detection, the electrode capacitances in an insulin injection pen. To fulfill this self-imposed goal, a complete insulin injection pen + smart pen cap system threedimensional model with all physical media inside (insulin, glass, air, plastic and air) and precise dimensions has been developed in ANSYS. A four electrode configuration in the smart pen cap has been used. In this way, using Maxwell 3D we were able to numerically evaluate the electrode capacitance.
Experimental results have been provided using an Analog Devices AD7746 high-resolution sigma-delta smart pen capacitance-to-digital converter (CDC). In order to test the different configurations (1 vs 3, 2 vs 2), each electrode was connected to a coaxial cable terminated with an SMC connector. The connection to the board used T adapters that allow to connect multiple electrodes together. Reliable smart pen cap electrode capacitance measurement was done with an aluminum shield biased at 0 V to remove the excessive noise. The complete insulin injection pen + smart pen cap system has also been evaluated. Smart pen cap electrode capacitance versus various insulin fill states has been numerically evaluated through simulations and the desired linear behavior of the injection has been validated. For insulin injection pen with 100% insulin, sense smart pen capacitances C AB−CD = 5.29 pF and C A−BCD = 4.41 pF were extracted, with shield biased at 0 V. The simulation results were validated with experimental results for the 1 vs 3 configuration.
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